Forum
Industrial societies monopolize Earth's biological energy flow
What happened over the past century in aquatic ecosystems, especially the oceans, is ecologically what happened on the land thousands of years earlier: Humans disassembled terrestrial ecosystems by eliminating most of the organisms at the higher trophic levels, thereby creating ecological instability through impoverishment. When humans first arrived on a continent or an island, they catalyzed the elimination of the megafauna. This happened in Australia some 50,000 years ago, in North America some 13,000 years ago, and in New Zealand about 800 years ago (Wilson 1992 , Flannery 1994 . Over the last several centuries, we have been eliminating the few remaining land predators and have simplified most of the ecologically productive ecosystems so as to provide for us. We are now eliminating aquatic megafauna (often predators) by fishing down the food chain (Pauly et al. 1998 ). Most of these high trophic-level fisheries are in decline or have collapsed, and we are further impoverishing aquatic ecosystems by overharvesting the lower trophic levels to meet our food needs.
Although the competitive and predatory pressures we are exerting in the water and on land are immense and related to energy flow, we focus our analysis on terrestrial ecosystems for several reasons. First, the ecological status of aquatic ecosystems is different from the status of ecosystems on the land. Second, we are in the final stages of occupying and exploiting all of the world's ecologically productive land. Third, the database for tNPP is more complete than that for aquatic NPP. And fourth, the human influence on terrestrial ecosystems is better understood than the human influence on Carl N. McDaniel (e-mail: mcdanc@rpi.edu Department, and David N. Borton is an adjunct associate professor in the Mechanical, Aeronautical, and Nuclear Engineering Department, at Rensselaer Polytechnic Institute in Troy, NY 12180. From 1992 through 2000, McDaniel aquatic ecosystems. Thus, we discuss energy in terms of terrestrial ecosystems. Vitousek and colleagues (1986) calculated low, intermediate, and high estimates of the amount of annual global tNPP employed to maintain human activities, where tNPP is the total fixed energy by photosynthesis minus respiration of primary producers on the land (table 1) . Although many studies have affirmed the basic correctness of these results (Turner et al. 1990 , Meadows et al. 1992 , Daily 1995 , Vitousek et al. 1997 , Palumbi 2001 , the exact amount used is uncertain. Employing the parameters in the intermediate calculation of Vitousek and colleagues (1986) , Rojstaczer and colleagues (2001) estimated that humans use, directly and indirectly, between 10 and 55 percent of tNPP, with a mean estimate of 32 percent. We use Vitousek and colleagues' (1986) intermediate value in our calculations. Rojstaczer and colleagues (2001) , calculated a mean value of 120 petagrams (pg = 10 15 grams) for tNPP (based on 30 references since 1990); we use this value in our calculations. As will become apparent, the exact percentages of tNPP used that we employ in our calculations are not relevant to the points we make, because the differences in energy use by hunter-gatherers and by modern humans are huge (different by at least four orders of magnitude).
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Energy is a complex topic: The physics is not intuitive, nor is it well understood even by many scientists. Energy comes in forms as well as in units that are not easily related (gallons, tons of oil equivalent, cubic feet, kilowatt hours, etc.), and the price of energy reflects many things, including energy content and subsidies. The Rocky Mountain Institute, the Union of Concerned Scientists, various US national energy laboratories (Idaho National Engineering and Environmental Laboratory, Lawrence Berkeley National Laboratory, Los Alamos National Laboratory, National Renewable Energy Laboratory, Oak Ridge National Laboratory, Sandia National Laboratories), and the Worldwatch Institute have Web sites that provide information on the topics we discuss (www.rmi. org, www.ucsusa.org, www.inel.gov, www.lbl.gov, www.lanl. gov, www.nrel.gov, www.ornl.gov, www.sandia.gov, www. worldwatch.org) . 
Human population size is important in energy considerations
Ten thousand years ago, a global population of about 4 million humans relied entirely on the flow of solar energy that was acquired by plants via photosynthesis (Ponting 1992 , Gowdy 1998 . Humans used biomass for food, fuel (firewood), clothing (animal skins, plant fibers), and shelter (animal skins, wood, plant fibers). The same uses were employed by Vitousek and colleagues (1986) to calculate the tNPP used directly (low estimate) in the mid-1980s by about 5 billion people. Although some hunter-gatherers did use fire to modify ecosystems for hunting and gathering, we assume that this activity did not substantially co-opt tNPP from other organisms or reduce the productivity of the ecosystems burned. Although the amount of tNPP now is likely to be different from 10,000 years ago, we assume the two amounts are the same because the difference is unlikely to be large enough to alter the general conclusions we draw. Thus, accepting these assumptions and basing our estimates on population size ratio alone, 10,000 years ago, humans would have used 0.004 percent of tNPP, since in 1986 we directly used about 4 percent of tNPP (see table  1 ) and the population had increased about 1000 times from 4 million to 5 billion. This estimate of 0.004 percent of tNPP used is most likely too high, because most hunter-gatherers did not eat as much animal products or use wood and plant fibers as extensively as modern humans do (Gowdy 1998) . Thus, we made a second estimate of the percentage of tNPP used 10,000 years ago. Assuming an average person eats 2500 kilocalories per day, or 9.1 × 10 5 kilocalories per year, 4 million people would eat 3.6 × 10 12 kilocalories per year, or 7.2 × 10 11 grams (g) biomass. This would be 0.0006 percent of tNPP. If we assume that the amount of biomass for fuel, clothing, and shelter equaled that used for food, then 10,000 years ago, humans used 1.4 × 10 12 g biomass, or about 0.001 percent of tNPP.
Increasing energy flow through human societies enables more societal NPP use
A person in good physical health and condition can do enough work to keep a 100 watt bulb lit. To keep the bulb lit 10 hours per day, 6 days per week, and 50 weeks per year would be a challenging work schedule and would require a huge intake of food. This schedule would give an energy output of about 1 million British thermal units (BTUs) per year (100 watts × 10 hours per day × 6 days per week × 50 weeks per year × 3.4 BTUs per watt hour). Ten thousand years ago, this 1 million BTUs per person was all of the energy available to humans for influencing the environment, other than through simple uses of fire, wind, and water.
With the domestication of animals and the invention of technologies to harness other sources of energy, humans gained the capacity to increase not only the amount of NPP employed for their purposes but also the rate at which they could exploit NPP. This enhanced capacity is seen in the twofold increase in the amount of tNPP that an average, modern person uses for the basics (food, clothing, shelter, and fuel): 8 × 10 5 g terrestrial biomass per year compared with a hunter-gatherer's use of 3.5 × 10 5 g (see table 1 and calculation of biomass used by hunter-gatherers above). Even more critical is the immense increase in tNPP devoted to human activities: Vitousek and colleagues (1986) established that modern humans co-opt about 27 percent of tNPP and lose about 8 percent of tNPP (see table 1), and it is reasonable to assume that hunter-gatherers co-opted and lost little tNPP (Gowdy 1998) .
The current global human population annually uses about 380 quads (quad = 10 15 BTUs) of commercial energy from all sources-mostly from fossil fuels (IEA 2001) . This is an average annual use of about 63 million BTUs for each person on Earth. This additional energy is employed to run our technologies and is equivalent to about 15 percent of global, annual tNPP (world energy usage [380 quads] divided by global tNPP [approximately 2500 quads]). This huge increase in energy flow enhanced our ability to modify the environment.
A simple comparison relates the energy used by modern and by hunter-gatherer societies to modify the environment. Under very favorable conditions, a person can put out about 1 million BTUs annually (see calculation above). Based on global commercial energy alone, humans have 380 billion energy-laborers. In the United States, the average person uses about 350 million BTUs annually (99 quads per year used by 285 million people) (PRB 2001 , DOE 2002 . Thus, each of the affluent 1 billion persons in industrialized societies has, on average, the equivalent of hundreds of energy-laborers, while each of the poorest 1 billion has few energy-laborers. Huntergathers had only themselves.
The current rate and character of energy flow assures biodiversity loss
Even hunter-gatherers using about 0.001 percent of tNPP caused changes in ecosystems to the detriment of other species, as has been indicated by the fossil record and archeological studies (Ponting 1992 , Flannery 1994 . Considering that we increased our use of tNPP by four or five orders of magnitude, from close to 0.001 percent to approximately 4 percent (directly), or to about 39 percent, considering direct and indirect uses, it is not surprising that huge numbers of species go extinct. Our energy-laborers, which are embodied in all manner of machines, factories, and built environments, enable a small number of people to clear-cut the forest on an entire mountain in a few months, allow the crew of a single boat to harvest tons of fish in a matter of days, or permit several people to farm hundreds of hectares. Thus species are driven to extinction by competitive exclusion, massive predation, and wholesale destruction of habitats on the land and in the water (Wilson 2002) , all made possible by dramatically increased energy use. This huge flow of energy transformed essentially every aspect of the biosphere (Turner et al. 1990 , Daily 1995 , Vitousek et al. 1997 ) and made us the dominant evolutionary force on Earth (Palumbi 2001) . Based on other lines of evidence, the assessment of scientists who study biodiversity is that we will soon enter the sixth mass extinction of multicellular life, if we are not already in it (Wilson 1992 (Wilson , 2002 ccf, 100 cubic feet. Conversion factors are as follows: kilowatt hour (kWh) = 3412 BTU; gram of carbon = ~2.2 grams of biomass; kilocalorie = ~0.2 grams of biomass =across the world, we increase the quantity and accelerate the rate of alien species introduction (Pimentel et al. 2000) . Some alien species such as rats and cockroaches thrive in human habitats. Other alien species are "weedy" and some have the capacity to thrive in disrupted as well as in undisturbed ecosystems. For example, flathead catfish, green crabs, purple loosestrife, tamarisk, leafy spurge, zebra mussels, and a host of other alien species are disrupting ecosystems and reducing biodiversity in the United States (Stein and Flack 1996) . When we use fossil fuels as an energy source, a host of selection pressures are put in motion. Mining, transport, and burning of fossil fuels, as well as the infrastructure associated with these activities, directly disturb ecosystems. Although the disturbances from mines, oil fields, roads, trucks, ships, seaports, trains, and railroads are substantial, it is the release of carbon dioxide (CO 2 ) that will most likely alter the biosphere profoundly, because it is a major greenhouse gas and its concentration has increased more than 30 percent in the last century. Increased CO 2 concentration alters many plant characteristics and has been implicated in future loss of biodiversity (Phillips and Gentry 1994) . The Intergovernmental Panel on Climate Change has calculated that, unless CO 2 emissions are reduced by 60 to 80 percent, global temperature will increase between 1 and 6 o C over the next century (Watson et al. 2001) . This increase will cause major climate change that will accelerate the rate of extinction for several reasons. Climate change is associated with heat waves, spread of diseases, changes in the timing of the seasons, sea-level rise and coastal flooding, coral reef bleaching, Arctic and Antarctic warming, and extremes in precipitation and associated flooding, droughts, and fires (UCS 1999 ). Species may not be able to find habitat or to move fast enough to stay in their climate zone. Their movement may be blocked by human infrastructure-roads and cities, industrial activities, farms, and other impediments. Higher temperatures have already changed species composition in ecosystems (Alward et al 1999) . Over time, these changes, coupled with other human influences, will reduce biodiversity (Wilson 2002) .
With the accelerating loss of species, habitats, and ecosystems, it is unclear when, how, or how fast the materials and functions of biological diversity, the so-called life-support functions, will decline. These life-support functions include such things as atmospheric gas regulation, climate regulation, water purification and flow, ecosystem disturbance regulation, erosion control and sediment retention, soil formation, waste removal, pollination, biological control of populations, habitat creation and preservation, food, raw materials, genetic resources, and human recreation, as well as spiritual and other cultural amenities. These materials and functions are essential for a civil human society and ultimately, for existence (Wilson 1992 (Wilson , 2002 .
The relationships among current human energy flow, biodiversity, and ecosystem life-support functions are immensely complex. Yet the end result of human energy flow is clear. It has impoverished biodiversity and, subsequently, life support so as to make ecosystems more fragile and therefore more easily perturbed by environmental events. For example, deforestation and other alterations of the landscape, in addition to climate change-associated processes, have contributed substantially to an increase in "natural" disasters (Abramovitz 2001) . Such catastrophes in the 1990s caused economic losses of over $608 billion, which exceeds the total for the preceding 40 years.
Post-2001 opportunities for changes in energy policy
Deregulation of energy markets in California in the 1990s led to a shortage of electrical energy in much of California in 2001 (Lovins 2001) . Even if the siting, approval, and building of fossil fuel power plants could be accomplished quickly, it would be the wrong thing to do in light of the negative effects that fossil fuel use has on biodiversity. We know from energy shortages experienced in the United States during the 1970s and in California during 2001 that conservation and efficiency programs can substantially reduce the demand for energy, thereby eliminating the shortage. For example, from 1973 to 1990, the energy used to produce a dollar of gross domestic product in the United States decreased by 28 percent (Fickett et al. 1990 ). The minimal conservation and efficiency measures taken in the first half of 2001 by Californians have reduced electrical energy use by more than 10 percent (Lovins 2001) , and Lawrence Berkeley National Laboratory has identified how all Californians can reduce energy use by 20 percent or more (LBNL 2001) .
Most of the potential reduction in energy use, however, is yet to be realized, and the United States could maintain lifestyle and level of productivity with much less energy (Lovins and Lotspeich 1999, Lovins 2001) . Many examples exist. When building a new factory, Interface Corporation redesigned a standard "pumping loop" that required 95 horsepower for pumping; the redesigned unit had larger pipes with fewer turns, which allowed for smaller pumping equipment using only 7 horsepower (Lovins and Lotspeich 1999) . Replacing incandescent light bulbs with compact fluorescent lamps reduces electricity use by 75 to 85 percent (Fickett et al. 1990 ). Driving hybrid cars, which get 48 to 57 miles per gallon (DOE/EPA 2002) , cuts gasoline consumption by perhaps 40 percent; taking public transportation, riding a bike, and walking save even more energy. The potential for reducing energy use by conservation and efficiency is enormous, especially when compared with the reductions achieved with only modest efforts, as indicated in the responses to the oil crises of the 1970s and to the recent electricity shortage in California. Therefore, it is possible to reduce energy use substantially over the next two decades with a modest effort (Clemmer et al. 2001 ) and perhaps by more than 50 percent in the same time period with an intense effort (Fickett et al. 1990, Lovins and Lotspeich 1999) .
We all know the basics of personal energy efficiency and conservation-use of fuel-efficient cars, mass transportation, insulation, compact fluorescent bulbs, energy-efficient appliances, and "reduce-reuse-recycle" materials; small fam-ilies; buying locally grown food; home gardens; passive solar building design-but subsidies of hundreds of billions of dollars annually for fossil fuels and nuclear power have made the market price of energy to consumers so low that it has not been considered worthwhile to conserve or use energy efficiently (Roodman 1996 , de Moor and Calamai 1997 , Flavin and Dunn 1997 . These subsidies should be quickly phased out and applied to creating a renewable energy economy.
The Middle East political situation is complex, and we are at present dependent on that region's oil. Access to this oil has been a recurring issue. We went to war in 1991 over access, and 10 years later, our involvement in the region is, by and large, still the same because of our need for oil. Over this 10-year period, we have spent billions of dollars to keep the oil flowing. The solution to this expensive dependence on Middle East oil in particular and to fossil fuel use in general requires a fundamental change in energy policy.
California, and the world, can have sufficient energy over the near term (1 to 5 years) by adopting aggressive conservation and efficiency programs in lighting, household appliances, building codes (energy standards can be met by solar lighting, passive solar heating, insulation, energy-efficient windows, vegetation, building materials, etc.), transportation, industry, and agriculture (Bevington and Rosenfeld 1990 , Fickett et al. 1990 , Ross and Steinmeyer 1990 , Lovins and Lotspeich 1999 . In the longer term (5 years and longer), renewable energy sources-wind, geothermal, photovoltaic and solar thermal electricity, other solar-concentrating technologies, and hydrogen generated by renewable energycan complement ongoing conservation and efficiency efforts and can replace significant amounts of fossil, nuclear, and other conventional energy sources (Flavin and Lenssen 1994 , Pimentel et al. 1994 , Dunn 2001 ).
We have not suggested that biomass be used for commercial energy because it is an inefficient source. For example, solar thermal electricity generation using 1980s technology has an efficiency rating of 20 percent (equivalent to about 10,000 g biomass per square meter) (Quaschning et al. 2001) , which is many times more efficient than NPP at providing human energy requirements (from 4 to more than 20 times more efficient, depending upon the ecosystem). In addition, it is counterproductive to use biomass on a large scale for commercial energy, because biomass is needed to feed people, to maintain soil fertility, to improve degraded land, and to serve as energy for biodiversity that provides life support.
Renewable energy sources and conservation can preserve biodiversity
Conservation and efficiency measures can reduce the flow of energy through human societies and thereby relieve some of the competitive pressure we are placing on other species. This reduction, however, will be insufficient to reverse the extinction episode that is under way. Three major, modern developments-use of fossil fuel energy, expansion of the human ecological footprint by increasing flow of energy through human societies, and growth of the human population-need to be reversed to preserve global, technological civilization (Meadows et al. 1992 , McDaniel and Gowdy 2000 , Rees 2001 .
Human activities (primarily burning fossil fuels, cutting and burning forests) are releasing over 6 billion tons of CO 2 into the atmosphere annually (Fulkerson et al. 1990 ). This rate of CO 2 emissions-or increasing rates, as is now the case-are effecting climate change (Watson et al. 2001) . Climate change has destabilized human societies in the past, often because the life-support properties of biodiversity had been impoverished prior to climate change (Ponting 1992) . Prudence dictates that we reduce the annual emission rate to about 1 billion tons so that the CO 2 concentration will be stabilized at under 400 parts per million (Fulkerson et al. 1990 ). This can be accomplished in a matter of several decades if we aggressively shift to using renewable energy (Gibbons et al. 1989 , Flavin and Lenssen 1994 , Energy Innovations 1997 , Clemmer et al. 2001 , Dunn 2001 . In line with this time frame, David Orr has proposed that colleges and universities set a goal of "no net greenhouse gas emissions" by 2020 (Orr 2000) , and his school, Oberlin College, is studying the feasibility of this proposition.
However, even if we shifted to renewable energy sources immediately, extinction would not be arrested. Globally, humans use about 380 quads of energy annually that are not derived from current NPP. This use of commercial energy enables us, by and large, to co-opt or eliminate another 35 percent of tNPP beyond the 4 percent we use directly. Much of the extinctioncausing selection pressure resulting from this flow of energy is not source dependent: A bulldozer running on solargenerated hydrogen or fossil fuel accomplishes the same tasks. Thus, to slow and then arrest this extinction episode, it is necessary that we employ energy in ways that will reduce our ecological footprint (Wackernagel and Rees 1996, Rees 2001) .
Because shifting to a renewable energy economy will take from several to many decades, depending on the intensity of the effort, a reasonable and attainable way to reduce our ecological footprint within a decade or two would be to run the global economy on about half the energy that is currently used. In the longer term, studies by the Rocky Mountain Institute, Worldwatch Institute, Union of Concerned Scientists, and others establish that we can reduce world energy flow even more-perhaps by an order of magnitude-while maintaining lifestyle. Although running the world on about 40 quads of renewable energy will reduce the extinctioncausing competitive pressure on biodiversity, mass extinction may persist because our current population of over 6 billion still occupies so much ecological space. As a consequence, many ecosystem life-support functions that civilization requires will continue to be compromised Gowdy 2000, Rees 2001) .
Prudence dictates that we preserve quickly as much biodiversity as possible, because life-support functions often fail irrevocably-at least in any time period meaningful to human habitation (Ponting 1992 ). Many life-support functions are dependent upon ecosystem health, so preserving biological integrity is a top priority (Angermeier and Karr 1994) . The Wild Lands Project for North America provides reasons and a path for returning perhaps half of the land to fully functional ecosystems that would not be directly exploited by humans (Soulé and Terborgh 1999, Butler 2000) .
Returning ecological space to wilderness is critical, because one of the fundamental principles of biodiversity is that the larger the area of a particular ecosystem, the greater the number of species present. With humans having expropriated about 95 percent of the planet's surface from other species, this fundamental relationship indicates that at least 50 percent of the current species diversity will go extinct (Wilson 1992) . More recent analyses predict that over time a new steady state will emerge in which only about 5 percent of the current species diversity will persist (Rosenzweig 1999) . The process appears to have three phases. In the first phase, a modest number of species (endemics) disappear immediately. Many examples exist, such as the 90 endemic plant species that went extinct when a small ridge called Centinela in Ecuador was cleared to grow crops, or the several dozen mussel species that perished on Mussel Shoals when a dam was built on the Tennessee River (Wilson 1992) . The next phase may take centuries and, together with the first phase, will result in a loss of about half of Earth's species-representative species populate our endangered species lists. The third phase may take millennia, during which the next 45 percent go. Unfortunately, because of other human activities such as moving species around, pollution, overharvesting, and climate change, phases two and three may be far more rapid than anticipated. If the predictions based on these analyses are realized, the current extinction will equal or exceed Earth's worst mass extinction 250 million years ago when most of multicellular life disappeared (Wilson 1992) . It will only be by not taking more and by giving back ecological space to the rest of life that we might secure our own enduring habitation Gowdy 2000, Wilson 2002) .
The only viable long-term solution that will allow us to return huge expanses of land to wilderness is to reduce our numbers. But by how much? No one knows precisely, although we can make a reasonable approximation. Rees (2001) , using the ecological footprint procedure, conservatively estimated that we would need the resources of four Earths, if everyone were to have the current lifestyle of North Americans while not compromising life support (biodiversity). Thus, a reduction to about 1.5 billion humans is a good first approximation of what we need to accomplish to create a durable technological civilization. What would this reduction mean for biodiversity? We could leave untouched the land not yet exploited and eventually return huge expanses of ecologically productive land to other organisms, perhaps half of Earth's productive landmass. This would go a long way to arrest the current extinction episode and return much of life to the ecological and evolutionary processes experienced before human presence. And in turn, this would be a key element of our insurance policy for adequate life support until some event like a huge asteroid hitting Earth or major climate change undoes us.
Many people will question the sincerity of this population proposal, but ecological principles related to life-support capacity considered here and elsewhere apply in a full world (Gowdy and McDaniel 1995 , McDaniel and Gowdy 2000 , Rees 2001 . We can choose to reduce our numbers humanely. And it could happen in perhaps a century if we make it the highest priority. We have many cultural examples of intentional human fertility reduction in addition to those driven by ecological principles (Fornos 1987 , Grant 1992 , Ponting 1992 , Brown 2001 . Nineteen European countries have zero or negative population growth rates with raw fertility rates ranging from 1.1 to 1.5 children per woman (PRB 2001) . Fertility rates in many developing countries have dropped faster than they did in those countries that have achieved zero population growth rates in Europe (Robey et al. 1993 ). These rapid decreases in fertility rates are primarily a result of the availability of a wide range of contraceptives, greater education and economic opportunities (especially for women), and media information on population and family planning. The challenge is to accelerate the processes that are now operating and create others to stabilize our global population at about a quarter of its current size. Since this decrease will take a long time, our ecological footprint needs to be reduced in the short term by a reduction in consumption. Analysis of our ecological footprint indicates that we are using at least 30 percent more planet than we can use for sustainable living, and that means we are decreasing Earth's carrying capacity (Rees 2001) . We have little choice: Back down or be cut down.
With one-quarter of our current population, we would have less than half of the current commercial energy flow. When coupled with conservation and efficiency measures, we could attain the goal of using one-tenth or less of the current flow. And renewable energy of this amount could be provided with today's technologies almost immediately (Pimentel et al. 1994 , Lovins and Lotspeich 1999 , Brown 2001 , Clemmer et al. 2001 . Of course, when we run our economy on energy derived from the flow of solar energy, the critical issue will not be the quantity of energy flowed, but rather the ecological footprint of the flow (Rees 2001) . To be successful, our energy use cannot change the atmosphere in ways that effect climate change, devastate large fractions of Earth's ecosystems, release persistent toxic materials into the environment, or promote activities that compromise biodiversity and its life-support roles.
Conclusion
We have used a comparison of the energy flows in hunter-gatherer and modern societies to provide a way of demonstrating that mass extinction of biodiversity is to be expected just from the magnitude and character of current energy flow. Warnings that we are devastating biodiversity, and therefore Earth's life-support capacity, go back hundreds, if not thousands, of years (Ponting 1992) . In the second half of the 20th century, the frequency and intensity of these warnings in-creased substantially, yet the responses from modern societies are timid at best (Brown 2001) . Why?
Simply put, our fundamental, cultural faith in neoclassical economics and the resulting failure to question its undergirding assumptions produce myopia Gowdy 2000, Ayres 2001 ), a kind of fanaticism in which we believe and trust global capitalism,"free" markets, and technological progress to perpetuate the pattern of material wealth they have only recently delivered to some of us. Because 20th-century economic analyses and policies have not seriously considered physical or biological constraints, these constraints are considered irrelevant (Daly 1996 , McDaniel and Gowdy 2000 , Rees 2001 ). The uncomfortable truth, however, is that "the rules governing the dynamics of ecosystems, within which all human activity takes place, are ultimately a function of biological laws, not a function of human-created economic systems" (Gowdy and McDaniel 1995) . The neoclassical economic market system now operating globally lacks the capacity to preserve biodiversity and will not provide for human well-being in the long term (McDaniel and Gowdy 2000) . Unless we abandon the present economically centered (econocentric) worldview and embrace an ecologically centered (ecocentric) worldview, we believe that it is unlikely that life-support functions will be preserved (or that they will be replaced by technological fixes) to the extent required for the persistence of global civilization (Brown 2001) .
In a world with very few humans, these humans could act without much concern for physical and biological constraints, so long as they were not isolated to a place like a small island. Unfortunately, even on a planetary scale, 6 billion humans is not a small number. Despite the apparent short-term successes of neoclassical economics, in a world overfilled with humans and biologically impoverished by our activities, the laws of nature dominate. The cultural "laws" of human-created economics are superseded; they do not apply.
The challenge before us is to accept biological constraints and shift as quickly as possible from an econocentric to an ecocentric worldview. Perhaps the easiest part of this transition will be to exchange fossil fuel and nuclear energy for presentday flow of solar energy. More difficult will be shrinking our ecological footprint by reducing the destructiveness of the energy we use and by contracting our consumption and population substantially. Limiting our ecological footprint is not a matter of choice. It is only a question of how and when.
